We report the cloning of a zebrafish paired-type homeobox gene, Alx, closely related to the murine Chx10 and the gold fish Vsx-1 homeodomain proteins. Alx is first expressed at about 12 h post-fertilization (hpf) when optic vesicles appear. Its expression is restricted to the early retinal neuroepithelium, whereas no signal can be detected in the optic placode. Later, Alx expression follows the differentiation of the neural retina. Inhibition experiments with antisense oligonucleotides resulted in specific eye malformations which are reminiscent of the phenotype of ocular retardation (or) mice, caused by a spontaneous Chx10 mutation. The expression of other developmentally relevant genes such as pax (zf-a), pax(zf-b) and krx-20 was not affected in the antisense treated embryos.
Introduction
Evolution of the eye has recently received considerable attention (Zuker, 1994; Quiring et al., 1994; Halder et al., 1995a,b) . In particular, evidence has been provided for homologous genes controlling the determination and differentiation of eye structures in both vertebrates and invertebrates. In Drosophila, the homeobox gene eyeless (ey) was shown to be the master control gene for eye development (Quiring et al., 1994; Halder et al., 1995a) . This gene, in turn, is highly related to the mammalian Pax-6 genes (Hill et al., 1991; Ton et al., 1991; Walther and Gruss, 1991) . In both mice and humans, Pax-6 mutations affect eye formation causing phenotypical abnormalities termed Small eye (Sey) (Hill et al., 1991) and Aniridia (AN) , respectively. The high degree of sequence conservation between the Drosophila gene and the mammalian homologues as well as the similarity of the mutant phenotypes suggest a common role for these genes in vertebrates and invertebrates (Halder et al., 1995b) . Accumulating evidence also suggests that genes expressed downstream of eyeless/ Pax-6 in the eye morphogenesis cascade are conserved, as for example Drosophila homeobox gene sine oculis (so) (Cheyette et al., 1994; Serikaku and O'Tousa, 1994) and its mouse homologue (Six3) (Oliver et al., 1995) .
Recently, three regulatory genes were cloned that encode highly related homeodomain proteins and are expressed in the developing eye or in related structures. These are ceh-10 (Hawkins and McGhee, 1990; Svendsen and McGhee, 1995) in C. elegans, G10 (subsequently renamed Vsx-1) (Levine and Schechter, 1993; Levine et al., 1994) in goldfish and Chx10 in mouse (Liu et al., 1994) . The nematode gene ceh-10 is expressed in a few neurons, including an interneuron that receives synaptic input from a sensory cell that is at least potentially photosensitive (Svendsen and McGhee, 1995) , while the two vertebrate genes share a remarkably similar expression pattern in the retina, where they are expressed in the bipolar cell layer. The recent discovery that the ocular retardation (or) phenotype is caused by a recessive mutation in Chx10 confirms the crucial role of this gene in eye morphogenesis (Burmeister et al., 1996) . or mice have small eyes with a reduced retina that lacks differentiated bipolar cells. This observation suggests that Chx10 is required for bipolar cell formation and strengthens the idea that a conserved mechanism is involved in the differentiation of interneurons connected to photoreceptor cells in both vertebrates and nematodes (Halder et al., 1995b) .
In a screen for zebrafish homeobox genes involved in the development of the anterior part of the head, we isolated a cDNA encoding a homeodomain protein of the paired class (Liu et al., 1994), ceh-10 (Svendsen and McGhee, 1995) , and al (Schneitz et al., 1993) proteins showing the position of the octapeptide (OP), the prd-type homeodomain (HD) and regions rich in serine and glutamic acid-aspartic acid residues, respectively. The stippled box downstream of the homeodomain indicates the regions conserved in Alx, Chx10, G10/ Vsx-1 and ceh-10. The additional 21 amino acid residues present in the alternative mature Alx mRNA are also shown. (c) Sequence alignment of various prdtype homeodomains. Five amino acid residues downstream from the homeodomain are also shown. Dashes indicate amino acid identity. The residues important for DNA contacts are marked with asterisks. Sequences of homeodomains were from the following references: al, Schneitz et al. (1993) ; Chx10, Liu et al. (1994) ; ceh-10, Hawkins and McGhee (1990) ; G10/Vsx-1, Levine et al. (1994) ; Levine and Schechter (1993) ; S8, Opstelten et al. (1991); smox-3, Webster and Mansour (1992) ; Mix.1, Rosa (1989) ; Sey, Walther and Gruss (1991) ; AN, Ton et al. (1991) ; pax(zf-a), Krauss et al. (1991b) . that we called Alx. In this paper, we show that this gene is expressed in a temporally and spatially restricted pattern during early eye development. In particular, the transcripts are restricted to the developing neural retina. Consistent with a function of Alx in early eye development, inhibition experiments with antisense oligonucleotides cause concentration-dependent alterations of the size and the shape of the eye which are reminiscent of the phenotype of the or mouse mutants (Burmeister et al., 1996) .
Results

Alx encodes a homeodomain protein of the pairedclass
Using a DNA fragment coding for the homeobox of the Drosophila gene empty spiracles (Walldorf and Gehring, 1992) , we screened at low stringency a cDNA library prepared from embryos at the 20-28-h post-fertilization (hpf) stage by plaque hybridization. Three partial clones were obtained, representing cDNAs of a new homeobox gene that we termed Alx because of its similarity to Drosophila aristaless (al) (Schneitz et al., 1993) . The longest clone was used for further studies. The complete nucleotide sequence of the largest clone is shown in Fig. 1a . This 1634-bp long cDNA contains a single open reading frame of 371 amino acids that starts with a methionine embedded in a well-conserved Kozak sequence (Kozak, 1986; Schneitz et al., 1993) . The deduced open reading frame encodes a paired (prd)-type homeodomain protein. Its amino-terminal part contains the octapeptide FGIQEILG (Noll, 1993) , shared by some prd-type homeodomain proteins, followed by a serine-rich region (12/24) immediately preceding the homeodomain. Finally, a region rich in acidic residues (7/14) is localized at the C-terminus (Fig. 1b) . One clone encoded an alternative mature form of the Alx transcript with a 21 amino acids insertion in the coding region (Fig. 1b) and a longer 3′ untranslated region that extends for 1030 bp downstream of the first polyadenylation site.
The predicted Alx peptide sequence is very similar to that of the mouse protein Chx10 (72% identity, 81% similarity) (Liu et al., 1994) , recently reported to be specifically expressed in the developing eye, and their homeodomains are identical (Fig. 1c) . A comparison of the Alx homeodomain with other homeodomains of the prd-class (Fig. 1c) shows that it is closely related to goldfish G10/Vsx-1 (96% identity) (Levine and Schechter, 1993) , C. elegans ceh-10 (82%) (Hawkins and McGhee, 1990) and Drosophila aristaless (al; 75%) (Schneitz et al., 1993) homeodomains. All these proteins do not contain a so-called paired domain (Noll, 1993) and share a glutamine residue, rather than a serine, at position nine of the recognition helix. They therefore belong, together with the mouse polypeptide S8 (Opstelten et al., 1991) , to a subgroup of prd-related homeodomain proteins (Bürglin, 1995) .
Alx expression during zebrafish development
Expression of the zebrafish Alx gene was analyzed from one-cell stage to 3 days of development by whole-mount in situ hybridization using a probe encompassing most of the open reading frame. Alx transcripts are first detected at about 12 hpf ( Fig. 2a) , concomitantly with the appearance of the optic vesicles. The expression is restricted to the early retinal neuroepithelium, whereas no signal can be detected in the overlaying optic placode which will subsequently form the lens plate (Fig. 2a′′) . Later Alx expression follows the differentiation of the presumptive neural retina. At 18-20 hpf, when the invagination process starts and the optic vesicle transforms into the optic cup, Alx is expressed in the presumptive neural retina (Fig. 2b, b′) . At 24 hpf when the invagination process is complete and the lens has formed, Alx expression in the eye is restricted to the neural retina ( Fig. 2c, c′) , while a new expression domain appears in pronephros (data not shown). Following the differentiation of the retinal pigment epithelium, Alx transcription is progressively switched off and at 48 hpf Alx transcripts are restricted to persisting germinal zones of retina around the lens (Fig. 2d′) . At this stage a new site of Alx transcription appears in paired parasagittal locations in the dorsal mesencephalon and rhomboencephalon (Fig. 2d, d′′) , whereas expression in pronephros can no longer be observed. In analogy to what has been observed for Chx10 in the mouse (Liu et al., 1994) , Alx is not expressed in the optic stalk.
A probe specific for the unique 3′ UTR of the alternative cDNA (see Experimental Procedures) gave only a weak signal. However, both the expression domain and the temporal expression pattern of this alternative mRNA were not significantly different from what we observed with the probe containing most of the open reading frame.
Anti-Alx antisense oligonucleotide treatment affects normal eye development
Antisense oligonucleotides designed to hybridize to specific mRNA sequences have been used to inhibit, in vitro (Murray, 1992; Faiella et al., 1994) and in vivo (Dean and McKay, 1994) , the expression of a number of cellular and viral proteins. Recently, they have also been successfully utilized to alter the expression of developmentally regulated genes in chick embryos (Nieto et al., 1994; Austin et al., 1995) . To investigate the role of Alx in the development of the zebrafish eye and in the differentiation of the retina, we performed antisense inhibition experiments using whole developing zebrafish embryos. Three DNA oligonucleotides directed against a specific region of the Alx mRNA spanning nucleotides 184-217 were designed (ALX1a, ALX2a and ALX3a; Fig. 1a ). All three sequences affected normal eye development in a concentration-dependent manner, but ALX3a was more effective and was therefore chosen for most experiments. As negative controls, we used both the sense sequence oligonucleotide and an oligonucleotide with a randomized sequence equivalent in nucleotide composition to oligonucleotide ALX3a. An important limitation of the antisense technology in cell culture is the stability of the oligonucleotide to nuclease degradation (Murray, 1992) . For this reason, the stability of the DNA oligonucleotides in the saline culture medium was assayed by radioactive end-labeling an aliquot recovered after incubation with the embryos. In our conditions the oligonucleotides were not significantly degraded even after 24-h incubation (data not shown).
Newly fertilized oocytes were dechorionated with a short pronase treatment (see Experimental Procedures), extensively washed and grown in embryo saline culture medium for 2 h. The embryos that developed normally were then selected and incubated in the presence of the oligonucleotide from midblastula until 24 hpf. The effect of the oligonucleotide treatment on Alx expression and eye development was assessed by whole-mount in situ hybridization with the Alx probe. The results are summarized in Table  1 . Incubation with antisense oligonucleotides at concentrations higher than 20 mM showed a dose-dependent effect on the eye morphology. In the majority of the antisense-treated embryos, the eyes were reduced in size when compared to embryos treated with the control oligonucleotides (Fig. 3) . Some embryos also showed abnormally shaped eyes. In such cases, the eyes were flattened and generally triangular in shape, as seen in lateral view. In the most severe cases, the retina was not properly organized (Fig. 3e) or even absent. The treatment with concentrations of antisense oligonucleotide of 40 mM and higher produced highly abnormal embryos that did not show any Alx expression and looked smaller and highly delayed in development. In contrast, embryos treated with comparable concentrations of control oligonucleotides were essentially normal and only a few (5.5%) showed eye malformations (Table 1) .
The effect of the antisense treatment on the abundance of Alx transcripts was tested shortly after the beginning of the transcription of the gene, i.e., at 12-13 hpf. At this stage, embryos treated with 30 mM of antisense oligonucleotide showed a strong decrease of the Alx hybridization signal, as compared to both mock treated embryos and embryos treated with the same amount of sense oligonucleotide (data not shown). From these results we conclude that antisense oligonucleotide treatment decreases, at least transiently, early Alx expression. On the other hand, late expression of Alx transcripts in the pronephros does not appear to be affected by the antisense treatment.
In order to test the long-term effects of the antisense oligonucleotide treatment, some embryos were allowed to grow for 48-72 h. After whole-mount in situ hybridization, the embryos treated with 20-30 mM antisense oligonucleotide did not show any significant abnormality when compared with embryos treated with the same concentrations of control oligonucleotide. In sectioned embryos, however, a malformation of the pigmented retina became evident (Fig.  4b, c) . The microphtalmia observed in the antisense-treated embryos is reminiscent of the phenotype of ocular retardation mutants, which is caused by a null allele of Chx10, the murine homologue of Alx. In these mutants, the whole eye is notably reduced in size and the retina has only one or two thin cell layers separated by a single plexiform layer of variable thickness (Burmeister et al., 1996) . Histological analysis of anti-Alx treated embryos revealed that no more than 1-2 cell layers are present in neuroretina, compared to 3-4 layers of normal embryos of comparable developmental age (Fig. 5) , suggesting an involvement of this gene in the proliferation and/or differentiation of at least some of the cell types of the inner nuclear layer of the zebrafish retina.
To rule out the possibility that the oligonucleotide treatment could affect the expression of other developmental control genes or affect the normal differentiation of other CNS region in a non-specific manner, we studied the expression of pax(zf-a) (Krauss et al., 1991b; Püschel et al., 1992) , pax(zf-b) (Krauss et al., 1991a) , and krox-20 (Oxtoby and (Fig. 5), or pax(zf-b) . Similarly, no alteration of krox-20 expression domain was observed in the embryos that showed abnormal eye morphology (data not shown). These results support the conclusion that the antisense treatment specifically affects the Alx expression in the eye.
Discussion
Alx is a possible target of pax(zf-a) regulation in the eye morphogenesis cascade
We isolated a novel homeodomain gene of the paired class, Alx, and examined in detail its spatiotemporal expression pattern in the zebrafish embryo. Alx transcripts first appear at about 12 hpf in the retinal neuroepithelium and their expression follows the differentiation of the neural retina. After the completion of the retinal differentiation Alx expression is restricted to the germinal cells at the margin of the retina and to paired parasagittal locations in dorsal mesencephalon and rhomboencephalon (Fig. 2d, d′′) .
Alx transcription is turned on about 2 h after pax(zf-a) mRNAs are detected in the prospective optic vesicles, suggesting a subordinate position of Alx in the genetic cascade controlling eye development. The expression domains of the two genes in the developing eye partially overlap also at later stages. At 24 hpf pax(zf-a) is expressed both in the optic cup and in the lens. In fact, the temporal and spatial vicinity of the expression domains of the two genes makes Alx a good candidate for pax(zf-a) regulation.
In the screening, an alternative Alx message was found, containing a 21 amino acid insertion within the region of high sequence conservation that extends downstream of the homeodomain. Alternative mRNAs coding for short insertions into the paired domain were previously reported for the murine Pax-6 gene and its fish homologue (Püschel et al., 1992) . Although the functional implications of the existence of different Alx mRNAs are presently not clear, the insertion of a short amino acid stretch could provide an additional mode for modulating the specificity of DNA binding or the interaction with other proteins.
Alx is a member of a family of prd-type homeodomain proteins expressed in the developing vertebrate eye
The expression pattern of Alx is highly restricted and closely parallels that of the mouse gene Chx10 (Liu et al., 1994) . Chx10 transcripts are first detected in the evaginating optic vesicle in the forebrain of 9.5-dpc embryos. Later on, the gene is expressed in the cells of the proliferating neuroretinal layer. In the mature retina, the Chx10 protein is restricted to the inner nuclear layer. However, in contrast to Alx, Chx10 transcripts are also detected in regions of the developing thalamus, hindbrain and ventral spinal chord. In addition to the closely related expression pattern, Alx and Chx10 also share a sequence similarity that extends throughout the entire coding region. The overall identity (72%) at the amino acid level, however, is significantly lower than that between the fish and the murine Pax-6, Pax-2 and Krox20, that exceeds 95%. Considering the differences in the expression pattern and at the amino acid sequence level, it is not clear whether Chx10 represents the true murine cognate of Alx. In fact, these genes may be members of a multigene family of developmental homeodomain genes in vertebrates. Other related proteins have been described in nematodes (ceh-10; Svendsen and McGhee, 1995) and in flies (aristaless; Schneitz et al., 1993) , which might in turn represent the invertebrate counterparts of Alx. In this respect, however, it is worth noticing that the homology between Alx and al proteins does not extend beyond the homeodomain. Also al transcripts are localized in the antennal part of the eye-antennal imaginal disc. Therefore, as suggested by Svendsen and McGhee (1995) , al may not represent the true Drosophila homologue of Alx. On the other hand, the degree of sequence similarity between the vertebrate and the nematode genes is striking, as is the homology of their expression domains. ceh-10 is expressed in a small number of neurons, including AIY interneurons, that receive synaptic input from a thermosensory and potentially photosensitive cell. Svendsen and McGhee (1995) have speculated on the intriguing possibility that AIY interneurons may be functional homologues of the bipolar cells of the vertebrate retina, which receive inputs from photoreceptor cells. ceh-10 is also expressed in CAN cells, which are associated with the excretory canal, the worm osmoregulatory structure. Interestingly, Alx is also transiently expressed in the pronephros, suggesting that the function of these genes extends beyond the role in the morphogenesis of the visual system.
In vivo antisense experiments as a novel approach to functional analysis in zebrafish embryos
To gain an insight into Alx function, we performed inhibition experiments by adding antisense DNA oligonucleotides to the saline culture medium in which zebrafish embryos develop. We observed specific disruption of the development of the eye, often resulting in a reduced size, an altered shape and a defective organization of the neuroretina. In embryos with eye malformations, early Alx expression was specifically reduced. On the other hand, late expression in the pronephros was not affected by the antisense treatment.
The results of the antisense experiments are consistent with some of the characteristic traits of mouse ocular retardation mutants. In homozygous or mutants the eyes are reduced, the retina is poorly differentiated, rod morphogenesis is impaired, the lens is cataractous and the optic nerve is absent. In particular, the microphtalmic eyes observed in these mutants are caused by the absence in the retina of differentiated bipolar cells. Similarly, zebrafish embryos treated with Alx antisense oligonucleotides show a reduction of the eye size as well as fewer cell layers in the retina. However, due to the different approach, the phenotype of these embryos is specifically limited to the organization of the retina, most likely because the oligonucleotide treatment only affects the early functions of the gene.
When compared to the microinjection procedure, the addition of the oligonucleotide to the culture medium presents some advantages. For instance, the uptake of the oligonucleotide in the cell can occur over longer periods. Furthermore, this approach circumvents the problems derived from its progressive dilution in the dividing blastomeres. Eye malformations were observed only when the oligonucleotide was added to the culture medium before gastrulation, suggesting that the oligonucleotide can effectively penetrate into the cells mainly during the early period of active cell divisions. The observation that late expression in the pronephros is not affected by the antisense treatment suggests that once inside the cell, the oligonucleotide has only a limited stability and is eventually degraded. Therefore, we conclude that the inhibition of gene expression in whole zebrafish embryos using antisense oligonucleotide represents a novel and effective approach to investigate the role of genes that are expressed before the segmentation stage.
Experimental procedures
Cloning and sequencing of the Alx gene
A 20-28 h post-fertilization (hpf) zebrafish embryonic cDNA library in lZAPII (a kind gift of Pierre Chambon) was screened under low stringency hybridization and washing conditions (Oxtoby and Jowett, 1993 ) using a Drosophila empty spiracles fragment coding for the homeobox (Walldorf and Gehring, 1992) . Three independent clones were isolated out of 1.0 × 10 6 plaques. All three clones were sequenced and the longest was chosen for further studies (accession no. U62898).
Whole-mount in situ hybridization
Fish were maintained and bred according to Westerfield (Westerfield, 1989) . Ages are given in hours post fertilization based on the standard developmental stages at 28.5°C (Westerfield, 1989) . Embryos were fixed in their chorions in 4% paraformaldehyde overnight. The embryos were then washed 4 × 15 min in PBS and then manually dechorionated. Whole-mount in situ hybridization was carried out as reported (Oxtoby and Jowett, 1993) with slight modifications. Proteinase K digestion was omitted for embryos up to 14 somite stage and reduced to 5 min for embryos between the 14 somites and 48-hpf stage; the subsequent washes were done in PBT without glycine. The staining reaction was carried out in staining solution (4.5 ml NBT and 3.5 ml X-phosphate in 1 ml BCL buffer) for 30 min to 2 h until a suitable signal-to-background ratio was reached. The embryos were subsequently washed several times with PBT and then fixed in 4% paraformaldehyde for 20 min.
Whole-mount stained embryos were dehydrated in ethanol series and embedded in wax; 10-mm sections were cut on a standard microtome. An EcoR I/Bgl II 600-bp fragment of the longest Alx cDNA, that includes part of the homeobox and most of the coding region downstream of it, was subcloned into pGem3 (Promega) and used as a probe for the short Alx transcript, while a 300-bp EcoR I/Xho I fragment of the unique 3′ UTR was used to probe for the alternative cDNA. In vitro synthesized antisense RNA probes were labeled with digoxigenin according to the manufacturer instructions (DIG-labeling kit, Boehringer Mannheim).
Antisense oligonucleotide inhibition
Lyophilized HPLC-purified 2′-deoxy-oligonucleotides (Primm, Milan) were resuspended in distilled H 2 O and then chloroform extracted twice. Newly fertilized eggs were dechorionated with 2 mg/ml pronase in embryo buffer for 1-2 min and then rinsed repeatedly with a large volume of fresh buffer (Westerfield, 1989) . The chorion was broken by mechanical agitation during the rinsing procedure. Subsequently, the embryos were grown in Petri dishes for 2 h. Embryos that showed a normal development were then transferred to multi-well cell culture dishes and cultivated in embryo buffer at a density of four embryos per 1.5 ml buffer. A higher density turned out to be lethal, possibly because of the toxicity of the cathabolites secreted by the embryos. The embryos were then grown in the presence of the DNA oligonucleotide for 24 h. We tested various oligonucleotide concentrations from 5 mM (i.e., 41.25 mg/ml) to 60 mM (i.e., 2475 mg/ml). The optimal concentration range for antisense oligonucleotides was 20-30 mM. Concentrations lower than 10 mM did not produce any phenotype while concentrations higher than 40 mM caused severe abnormalities and developmental delay in the embryos. Addition of oligonucleotides at a concentration of 30 mM at 50% epiboly did not appear to be effective. Oligonucleotides can be recovered from the culture buffer after incubation with embryos through repeated butanol extractions followed by chloroform extraction. After having been rinsed twice in fresh embryo buffer, the embryos were fixed in 4% paraformaldehyde and analyzed histologically and by whole-mount in situ hybridization.
